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ABSTRACT 
 Knowledge of residual stresses is important in understanding and predicting a 
concrete pavement’s performance.  However, there is not a standard test for residual 
stresses in pavements.  Prior pavement research was inspired by the hole-drilling strain-
gage method used in metals.  This method involves drilling a small hole into the 
specimen and measuring the resulting stress relaxation near the hole with strain gages.  
The strain change is then used to calculate the residual stresses in the metal.  The 
pavement research at the Federal Aviation Administration’s National Airport Pavement 
Test Facility showed the promise of using core rings to create a similar stress relaxation 
in cantilevered concrete beams.  The cantilevered beams were used to create a known and 
moderately-uniform stress state in the specimens.   
Testing at the University of Illinois continued the use of core rings and 
cantilevered beams and also introduced a method using notches.  Strain gages on each 
beam measured the strain relaxation due to a core ring, one notch, or many notches.  
Strain relaxation was clearly seen in the core ring and notch beam tests, and this 
relaxation was most pronounced with the notch tests.  Sawing a notch on both sides of a 
strain gage was able to relax all of the strain induced by the cantilever loading, making 
the residual stress calculation quite simple. A two-dimensional finite element analysis 
was used to parallel the testing and to learn more about the stress distributions through 
notched cantilevered beams.   
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INTRODUCTION 
 Residual stresses form in concrete pavements resulting from environmental 
factors, support conditions, and material responses.  Pavement curling due to differential 
thermal expansion and pavement warping due to differential drying shrinkage both create 
residual stresses.  Creep further complicates matters as the history of loading and 
temperature/moisture effects all effect the stress distribution in the slab.  Support 
conditions such as base settling create stresses from the pavement’s self-weight.  
Residual stresses combined with stresses due to applied loads are the full stresses in the 
pavement, and slabs must be designed to resist these full stresses.   
 Numerical methods have been created to predict the stresses in slabs resulting 
from applied loads, moisture, temperature, and creep, but there is still a need to measure 
this experimentally.  Testing for stresses in in-place pavements could not only identify 
pavements that are under duress, it could also characterize pavement performance.  
Environmental, load history, and concrete material effects could be explored with a 
reliable method to determine stresses.   
 The value of a good test method is the motivation for this project.  Reliably 
determining stresses, however, comes with some difficulties.  Stress is invisible under 
nearly all circumstances.  Residual stresses are particularly challenging because they are 
an internal pushing and pulling of the material on itself.  These internal strain 
incompatibilities are generally not apparent until plastic deformations occur.  
Determining the level of residual stresses prior to damage is challenging, but this 
challenge has been met with an array of test methods for metals and also rock.  The first 
chapter in this paper looks at some of these stress test methods and also covers some prior 
work in finding stresses in concrete.  The bulk of the relevant concrete stress research 
was performed at the Federal Aviation Administration’s (FAA’s) National Airport 
Pavement Test Facility (NAPTF).   
 The NAPTF work focused on finding stresses in concrete by drilling core rings 
and measuring the resulting strain relaxation with surface strain gages.  This project 
branched from the NAPTF research and is also focused on the strain relaxation technique.  
Twenty-eight concrete beams were used in this project.  Most of them were tested in a 
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cantilevered configuration and the strain relaxation was attempted with core rings and 
notches, the second and third chapters, respectively.  The second chapter also covers the 
bulk of the experimental setup and method.  The fourth chapter covers a finite element 
analysis on notched beams and the fifth chapter brings the results from experiment and 
analysis together.  Data from the cantilevered beam tests and a draft procedure for a field 
test appear in the appendix.   
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CHAPTER 1: RESIDUAL STRESS MEASUREMENT OVERVIEW 
 Residual stress measurement has been addressed for most stress-carrying 
materials including metals, rock, and concrete.  These methods determine the full stresses 
in the materials, and assuming the absence of external forces and restraints, the 
determined stresses are the residual stresses.   
Residual Stress Measurement in Metals 
 Most of the attention for determining residual stresses is focused on metals.  An 
overview of residual stress methods is provided by a Society for Experimental Mechanics 
handbook. [Lu, 1986]  There are numerous techniques to find residual stresses in metals.  
Many techniques focus on changing the stress state of the component by removing 
material and measuring the resulting strain relaxation.  A key step in the material removal 
measurement methods is relating the strains and deformations to stresses through an 
elastic model.  The model can be closed-form equations from theory, results from finite 
element analyses, results from experiments, or a combination of all of these.  There are 
also nondestructive techniques that use electromagnetic waves, neutron particles, 
ultrasonic waves, and magnetic fields to determine the residual stresses.   
 The hole-drilling method measures the stress state change caused by drilling a 
small hole.  Strain gages around the hole measure the strain changes, which can then be 
used to calculate the original stress in that area.  This is classified as a semi-destructive 
test as the drilled holes are usually small relative to the component, so the global stress 
state is relatively unchanged.   
 Related to the hole-drilling method, the ring core method removes a cylindrical 
shell of material instead of a solid cylinder.  The ring core is drilled around the strain 
gages.  It is not possible in this process to take measurements from the strain gages 
during the drilling operation; the gages can only be used before and after drilling.   
 Two fully destructive tests are the layer removal and sectioning methods.  
Sectioning removes material or divides specimens with mechanical machining and the 
layer removal method uses chemical machining to remove small layers of material from 
the specimens.  As the layers or sections are removed, the internal equilibrium of the 
specimen is disturbed which results in internal-stress-induced deformation.  By 
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measuring this deformation it is possible to calculate the original stresses within the 
specimen.   
 The field of residual stress measurement in metals is extensive and cannot be 
covered thoroughly in this work.  However, the work at the NAPTF and much of the 
work on this project can trace their lineage to the hole drilling method, so this will be 
further addressed in the context of its current American Society of Testing Methods 
(ASTM) standard, ASTM E 837.   
ASTM E 837  
 The ASTM E 837 standard is titled “Standard Test Method for Determining 
Residual Stresses by the Hole-Drilling Strain-Gage Method.”  This method involves 
attaching a strain gage rosette to metal specimen’s surface and drilling a hole in the 
center of the rosette.  The measured strain relaxation is fed into equations to calculate the 
stress state of the material.  This standard is only applicable to isotropic linear-elastic 
materials, as these are necessary assumptions for the stress-strain equations. The stress-
strain equations, which originated with plate mechanics theory of Kirchoff circa 1899, 
relate the strain relaxation to the shear and stress in two orthogonal directions. 
[Timoshenko, 1970]  For a stress state that does not change with depth, the following 
equation can use the strain relaxation measurements to calculate the stresses.   
ε = 1+ν
E
a 
σ x +σ y
2
+ 1
E
b 
σ x −σ y
2
cos2θ + 1
E
b τ xy sin2θ  (1) 
Where E and ν are the material modulus of elasticity and Poisson’s ratio, respectively.  
The normal stresses are σx and σy and the shear stress is τxy.  The variable θ is the angle 
of the strain measurement relative to the x-direction (see the figure at the end of this 
chapter for details).  The values a  and b  are calibration constants indicating relieved 
strains.  They are functions of the testing geometry including the hole diameter, the hole 
depth, the distance from the center of the hole to the strain gage measurement, and the 
configuration of the strain gage rosette.  These calibration constants were derived through 
finite element analyses.  This equation has three unknown stress values, therefore at least 
three strain gages at different angles are needed to solve for the stresses.   
 The standard also covers measurement of stresses that change with the depth of 
the material.  To determine these stresses, the strain is measured for multiple depths of 
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the hole.  The stresses are calculated for a certain step by using equations similar to 
equation 1 for that step and all of the subsequent steps.  These equations have their own 
calibration constants that are dependent on both the depth of the hole and also on the 
depth of the desired stresses.  The calibration tables in the standard are calculated for 
0.080 in. holes and 1/16 in. strain gage rosettes and may be modified for use with 1/8 or 
1/32 in. rosettes.   
 There are specific testing issues that are discussed in the standard.  Electrically 
conductive drilling lubricants can affect the strain gage readings and should not be used. 
Plastic deformations can arise at stress concentrations near the drilled hole and may 
impair the quality of the measurements, so significant residual stresses (defined in the 
standard as more than 60% of the yield stress of the material) are not ideal to be 
measured with this method.   
 The drilling process has the potential to create additional stresses within the 
material.  The standard recommends using high-speed drills operating between 50,000 
and 400,000 rpm equipped with carbide burs or endmills to prevent machining-induced 
stresses.  An additional recommendation is to use flat-ended drill bits to prevent 
ambiguity about the depth of the holes.   
 Temperature changes resulting from the drilling process are addressed as they can 
affect the strain gage readings.  The standard advises to perform the drilling “under 
constant temperature conditions” and to also ensure the strain readings have settled for at 
least five seconds after the hole drilling.   
In Situ Rock Stress Measurement 
 In situ stresses, by definition, occur naturally through the formation of the rock 
and from forces from adjacent rock.  Measuring these stresses is important in predicting 
the future responses of the rock, and in situ stress measurement methods have been 
explored for the greater part of a century.   
 Amadei and Stephenson provide a thorough overview of measuring rock stresses 
in their book. [Amadei, 1996]  They document many surface relief methods, techniques 
that measure surface deformation caused by drilling holes or cutting slots in the rock.  
These methods are concluded, however, to not be well-suited for rock-stress 
measurement, as the measurements are complicated by the conditions of the surface and 
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how it was excavated.  Additionally, it is difficult to relate the stresses on the surface of a 
rock face with the stresses deeper in the rock.   
 The overcoring method gains access to the stresses within the rock using a 
familiar tool to geologists and geotechnical engineers: the borehole.  At the terminus of a 
large borehole, a smaller and concentric borehole is drilled in the rock.  After 
instrumentation is installed in the smaller hole, the larger core is drilled around the 
smaller hole.  The resulting strain relief data can be used to calculate the original stress 
state in the rock.  The instruments generally record diametral strain or force and also 
longitudinal strain.   
 A similar method places strain gages at the flat face of a borehole and measures 
the strain while a core is drilled around the face.  A common measurement device, called 
the doorstopper due to its geometry, is designed to protect the strain gages from the 
coring water as the gages proved to be sensitive to the water.   
 Overcoring is the popular method and has been used in some form or another for 
over 50 years.  The procedure has been covered in the ASTM D 4623 standard since 
1986.  The standard instrumentation is the United States Bureau of Mines three-
component borehole gage (USBM gage).  This gage measures diametral deformations at 
three angles using six contact points 60 degrees apart.  The USBM gage is accurate to 
about 5 x 10-6 inches/inch (or 5 microstrain).  Three measurements, each at a different 
drilling angle, must be used to calculate the full stress tensor of the rock.  After the in-
place measurement takes place, the hollow core, still instrumented, can be extracted from 
the earth and tested on site to determine the material properties of the rock.   
Stress Measurement in Concrete Pavements 
 The success of the overcoring method for determining rock stress leads to ideas 
about its possible use on concrete pavements.  In fact, a method similar to overcoring was 
tested on concrete pavements by A. M. Richards from the University of Akron, Ohio. 
[Richards, 1979]  The research work centered on an idea to attach strain gages to the 
inside of a corehole in a pavement and then overcore, measuring the relieved strains.  
This work focused on predicting pavement blowups and sought the stresses within 
pavements near joints.  Surface strain measurements were considered but not explored 
because much larger stresses were predicted near the bottom of the slab.   
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 Two rectangular specimens (8x12x24 in) each had a through-hole at the center of 
the largest face.  Strain gages were placed inside the holes using a custom installation tool.  
The specimens were loaded in single-axis compression perpendicular to the axis of the 
holes.  Three loads, the equivalent of 300, 600, and 900 psi, were applied to each 
specimen.  The strain measurements were used to calculate the stresses with equations 
from mechanics.  The calculated stresses were within about 15% of the applied stresses.     
 Six field tests, each with two overcoring measurements, were performed on 
pavements suspected of having enough compressive stresses to lead to blowups.  For the 
field testing, the smaller corehole (1.5 in) was drilled and removed.  When the lubricating 
and cooling water from the core drilling had evaporated, the strain gages were installed in 
the hole and zeroed.  The strain gage leads were then disconnected and placed in the hole 
which was then sealed against water.  The larger core (4 in) was then drilled through the 
pavement.  The overcore was removed from the pavement and the strain gage leads were 
reconnected.  The resulting 4-in diameter holes in the pavement were patched with cold-
mix asphalt concrete or ready-mix concrete.   
The strain measurements were noticeably unstable after the overcoring and 
Richards concludes the changes were mostly due to temperature effects.  The overcores 
were still wet from the cooling water when they strain measurements began, so cooling of 
the concrete from the water evaporation was likely.   
 Additional observations are that ambient temperature at the time of the field 
testing is very important as it can affect both the behavior of the concrete and the strain 
gage measurements.  Some additional challenges in the method include installing the 
strain gages in the small hole and staying away from any steel mesh reinforcement.   
NAPTF Beam Testing 
 The overcoring method uses the great size of the rock to an advantage in that bore 
holes and cores can be drilled tens if not hundreds of feet below the surface, avoiding 
effects of free surfaces.  Concrete pavements are not nearly large enough for this to be a 
viable option and must rely on surface or near-surface measurements.   Prior work at the 
FAA’s NAPTF was focused on these surface measurements using a core ring strain gage 
method based on the ASTM E 837 method.  [Guo, 2008 and Pecht, 2008] 
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 Concrete beams were instrumented with surface strain gages and loaded as 
cantilevers to generate known stresses.  Core rings were drilled near the strain gages and 
the strain changes due to the coring operations were observed to see how well the method 
could determine the stresses in the beams.  Strain gages with lengths of 20-mm and 30-
mm were selected based on their verification testing that showed good accuracy of the 
gages.  These shorter strain gages—as compared with 60- and 120-mm gages—allow for 
measuring strain closer to the perturbations created by the core rings.   
 Strain gages near the core rings did show stress relaxation.  Variations in strain 
gage placement, core ring diameter, and core ring depth were explored.  It was concluded 
that core rings with 3- and 4-inch diameters worked well; spacing between strain gage 
centers and the core ring edges should be from 1 to 2.75 inches; the core ring depth 
should be around 1 inch.  The experimental results also matched well with a parallel 
finite element analysis which used a blind hole instead of a core ring.  The difference 
between a blind hole and a core ring is not perfectly understood, but it does seem 
reasonable that they would have similar results.   
 The results of the NAPTF beam tests demonstrated that this method was 
promising.   The work presented in this paper was instigated to verify the efficacy of the 
core ring strain gage method and to push its development with the goal of becoming a 
standard test method for determining residual stresses in concrete pavements.   
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Figures 
 
Figure 1 Strain gage and hole geometry relative to stresses for the hole-drilling method for (a) uniform 
stresses with depth and (b) variable stresses with depth.  [ASTM E 837] 
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Figure 2 Typical plots for percent relieved strain versus depth of the hole for the uniform stress case using 
(a) rosette types A and B and (b) rosette type C.  [ASTM E 837] 
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Figure 3 The three common strain gage rosette patterns used in the hole-drilling method.  [ASTM E 837] 
 
Figure 4 Overview of steps for the overcoring method.  [Amadei, 1996] 
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Figure 5 Drawing of a USBM gage.  [Amadei, 1996] 
 
 
Figure 6 Idealized overcoring results.  [ASTM D 4623] 
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Figure 7 Laboratory testing of the overcoring method for concrete pavements.  [Richards, 1979] 
 
 
Figure 8 Overcore from Richards' pavement testing.  A hole was drilled in the side for the strain gage lead 
wires for additional testing.  [Richards, 1979] 
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CHAPTER 2: RESIDUAL STRESS TEST USING CORE RINGS 
 Cantilevered beam testing at the University of Illinois developed from the NAPTF 
work with the goal to advance the concrete residual stress method.  The UIUC beam 
testing used the same basic setup as the NAPTF tests; however, the specimen size and 
equipment were different.   
Concrete Specimen Casting and Curing 
 The first beams were made using standard-sized forms for modulus of rupture 
testing.  These are 6x6x21 inches.  It was apparent that longer beams were required to 
sufficiently develop a moment arm and thus a predictable stress distribution and to 
provide room for attaching the strain gage and drilling a core ring in the vicinity.  
Existing beam forms identified by UIUC Professor Roessler were brought in.  The two 
forms have the capacity to create 6x6 in beams more than 80 inches long.  Easily divided, 
one 40-in beam was created on the first use of the forms.  The forms were subsequently 
modified with inserts to create two 34-inch beams each, four beams total.   
 The volume of concrete required to create two 6x6x34 beams and a few 4x8 in 
cylinders is about two cubic feet, the upper limit for the capacity of the UIUC laboratory 
pan mixer.  In most instances, two batches were made on the same day to create four 
beams and some test cylinders for each batch.     
 The mix design was based on a design from the Illinois Department of 
Transportation that Jacob Henschen had suggested.  A representative design is displayed 
in a table at the end of this chapter.   
 Aggregates and about half of the water were mixed for one minute.  The cement 
and remaining water were then added and the concrete was mixed for another minute.  
Superplasticizer was slowly added during a third minute of mixing.  Slump was measured 
on each batch to help hone in on a preferred dosage of the superplasticizer.   
 The concrete was carted out to the beam forms.  The beams were cast in two even 
lifts with rodding after each lift.  A mallet was also hammered against the side of the 
forms after each lift to help create smooth, hole-free surfaces on the sides of the beams 
(surfaces where the strain gages would be later attached).  The top surface was carefully 
finished with a trowel.  The beams were then covered with plastic.  The cylinders were 
also covered with plastic.   
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 The beams and cylinders were removed from the forms between three and five 
days after they were created.  This time allowed the beams to gain enough strength to 
prevent them from breaking during removal.  The beams and cylinders were labeled and 
placed in the laboratory moist cure room.  They remained in the moist cure room until the 
concrete was at least 28 days old.   
 The beam specimens were each assigned an identifying number starting from 1 
and up to 28 (the total number of beams used in the project).   
Concrete Cylinder Testing 
 Cylinders were made from each of the batches and were tested for compressive 
strength, fracture strength, and modulus of elasticity.  Three to five cylinders were made 
from each batch of concrete.  The compressive and fracture strength testing used uniaxial 
Forney loading frames.  The elastic modulus testing used a larger loading frame that is 
commonly used for modulus testing at UIUC due to its substantial rigidity.  The modulus 
testing cylinders were outfitted with an extensometer which measured their deformation 
for the loading cycles.  The cylinders were tested at different ages to obtain strength data 
versus age.   
Test Setup 
 The objective of the test setup was to create a predictable and variable stress state 
in the concrete specimens.  The cantilever beam idea was continued from the NAPTF 
experiments.  The top and bottom surfaces of cantilever beams provide area for strain 
gages and the core ring operation.  The load required on the ends of the beams is less than 
1000 lbs.  The failure mechanism is simple and safe being failure by tensile fracture at 
the top surface.  A hydraulic actuator in the UIUC laboratory was selected due to the 
benefits of its testing table.  The testing table is convenient for mounting the specimens.  
A drawing of the test setup appears at the end of this chapter.   
 For testing, the beams are rotated 90 degrees from their casting position.  The 
beam surfaces casted against the steel form are much smoother than the finished top 
surface and thus are more-suited for attaching the strain gages and the LVDT mounting 
bracket.  Additionally, the NAPTF beam testing demonstrated differences in concrete 
stiffness with reference to the casting direction.  The top of the beams, as casted, were 
less stiff than the bottom, whereas the sides of the beams displayed similar stiffness.   
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End Deflection Measurement 
 The deflection of the end of the cantilever is measured with a linear variable 
differential transformer (LVDT).  The LVDT is attached to an aluminum bar that is, in 
turn, attached to the concrete with masonry screws.  Washers between the bar/angle 
provide space between it and the beam, preventing friction that may prevent relative 
motion between the bar/angle and the beam.  About midway through the project, the 
aluminum bar was replaced with an aluminum angle, which was stiffer, to reduce the 
amount of deflection that was absorbed by the bar/angle.   
Strain Gage Installation 
 Two types of strain gages were used for the project.  They were Tokyo Sokki 
Kenkyujo (TML) PFL-30-11s and PFL-20-11s.  The first number designates their length 
in millimeters.  These strain gages were also used for the NAPTF testing, where it was 
demonstrated that 20 mm and 30 mm surface gages were suitable for measuring concrete 
with a maximum aggregate size of 1 inch. [Pecht, 2008]   
 The strain gages were all installed following the same procedure.  The location of 
the gages was predetermined and was generally about 13 inches away from the supported 
end of the beams.  A suitable area on the beams was selected such that there were no 
significant surface imperfections—namely, large holes or voids—near or under the strain 
gage.  These areas were then sanded with fine grit sand paper to create a smooth surface.  
Damp cotton swabs were then used to remove the resulting concrete dust.  After the water 
in the area evaporated, the surface was conditioned with an acidic cleaner followed by a 
neutralizer, both applied with cotton swabs.  After these solutions had evaporated, the 
epoxy was placed on the area.  The epoxy is a two-part fast-setting material that can be 
obtained at a hardware store.  The epoxy parts are mixed together for about 30 seconds 
and then the mixture is placed on the concrete surface.  The epoxy is spread to be very 
thin and smooth.  The epoxy is used to create a bondable surface for attaching the strain 
gage.  Two thin coats of the epoxy were applied with about 30-minutes between the 
applications to allow for set.  The acid cleaner and neutralizer were then applied to the 
epoxy surface.   
 A small mirror also receives the acid-neutralizer treatment.  The strain gage is 
removed from its casing and is placed on the mirror and clear tape is attached to the back 
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side of the strain gage to support it.  The adhesive and adhesive catalyst are applied to the 
bottom of the strain gage.  The tape and strain gage are then placed on the beam, aligning 
the marks on the beam with the markings on the strain gage.  Firm pressure is applied on 
top of the gage for one minute.  After about an hour, the tape is removed and the strain 
gage is attached to the concrete.   
 The strain gage and its exposed wires receive a few protective coats of 
polyurethane.  For the strain gages used with the core drilling, an additional layer of an 
inert sealant—duct seal in this case—and aluminum tape were applied.  These were used 
to help waterproof the strain gage.  The sealant also prevents the aluminum tape from 
electrically reacting with the strain gage and its wires.   
Core Ring Drilling 
 The core drill was an NDT James Instruments Inc. Kwikcore.  The core drill is 
comprised of a coring bit, a housing over the bit, and a shaft where a hand-held drill is 
attached to power the device.  The bit drills 3-inch diameter core rings.  The housing is 
designed to be anchored to a concrete surface, but the beam geometry facilitates clamping 
the housing instead.  Handles on the shaft control the depth of the core ring.  Water inlet 
and outlet nipples are on the housing for the use of cooling water.  A small pump in a 
water bucket pushes water into the housing and another bucket collects the used water.   
 Sections of 0.25-inch-thick aluminum bar were used as shims between the coring 
rig base and the screw top.  These shims controlled the depth of the core ring; removing 
each shim allowed an additional 0.25 inches to be drilled.  An additional segment was 
placed on top of the shims such that when all of the shims were in place, the coring bit 
would be just touching the surface of the beam.  A figure at the end of this chapter 
displays this setup.  The core rings were drilled to a total depth of 1.25 inches on each 
beam.  This depth was based on the NAPTF conclusions that 1-inch core rings were 
adequate. [Li, 2008]   
 The coring procedure requires two people.  One person operates the hand drill and 
the other advances the coring bit by rotating the handles.  The coring takes about five 
minutes to drill each 0.25 inch section.   
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Data Acquisition 
 The strain gages were connected to a strain gage conditioner which then outputted 
the measurements to the computer.  Signals from the load cell, the actuator position 
LVDT, and the end deflection LVDT came into the computer from the Instron controller.  
A LabVIEW program was set up to record and display real-time charts of the data.  It was 
most useful for these charts to be plotting the strain gage measurements versus time, as 
this showed when the stain gage values were stable.  Measurements were recorded once 
every second (1 Hz).   
 The voltage values for the strain gage are converted into microstrain with the 
equation:  
µε =V × 1000µε
1V
× GF
2.0
 (2) 
where GF is the gage factor for the strain gage.  The assumed gage factor for the strain 
gage conditioner is 2.0 and this equation adjusts for any difference with the actual gage 
factors, which are provided by the manufacturer.  The amplification of 1000 microstrain 
per volt is controlled through the strain gage conditioner.   
Monotonic Tests on Two Beams 
 Beams 3 and 2 were each outfitted with a strain gage and were tested to fracture 
by constantly increasing the load.  A 30-mm strain gage was attached to beam 2 and a 20-
mm gage was attached to beam 3.  The strain gages were placed on the top of the beams 
as far away from the applied load as possible.  Beam 2 was tested with a loading rate of 
50 pounds per minute, which was increased to about 150 pounds per minute for beam 3 
to speed up the test while still retaining pseudo-static conditions.  Standard modulus of 
rupture forms were used to create these beams, so they were 21 inches long.   
 The testing results showed good response of the strain gages to the loading.  The 
load created tensile stresses on the top of the beams which was measured as tensile—or 
positive—strain by the gages.  Additionally, the strain changed proportionally with the 
load, demonstrating elastic behavior of the beams.   
Beam Testing Procedure 
 The maximum load applied at the ends of the beams was designed with two limits 
in mind: having enough stress at the top surface of the beams to create measurable strain 
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and not overloading the beams beyond their elastic behavior or to failure.  The criteria 
used was the flexural moment carried by the beam at the beginning of the cantilever 
support—this is comparable to using the top stresses in the beam, but the calculations are 
more direct for the moments.  For the shorter, trial beams 2 and 3, the moment at fracture 
was about 30,000 pound-inches (14 kN at about 14 inches).  In the NAPTF testing, the 
moment at the end of the beams was about 12,000 pound force-inches (300 pounds at 40 
inches).  A moment around 10,000 pound-inches was concluded to be appropriate as it 
was far from the fracture loading and should also attain similar strain reading to the 
NAPTF research.  The cantilever support uses nine inches of the beam and the load is 
applied two inches from the end of the beam, leaving 23 inches from the load to the 
beginning of the support.  With a 23-inch moment arm, about 435 pounds of force are 
required to create the desired moment.  This 435-pound loading was used for most of the 
beam testing on this project.   
 Although the core ring tests were not all identical, the basic outline was the same.  
This common outline is summarized as follows:   
• Attach strain gages 
• Apply setup marks for lining up the beam relative to the spacer plate and the 
testing table 
• Drill holes for attaching the end deflection bar/angle on all beams 
• Attach the end deflection bar/angle on the first beam to be tested 
• Mount end deflection reference bracket(s) with epoxy 
• Move beam(s) to the testing area 
• Setup testing equipment including any necessary calibration (for the end 
deflection LVDT and the load cell) 
• Place the beam on the testing table 
• Place the spacer plate under the beam, line up the setup marks, and tighten the 
support bars onto the concrete, cantilevering the beam 
• Connect the strain gage to connection terminal and make adjustments on the strain 
gage conditioner to zero the strain output and check the amplification 
• Attach the end deflection LVDT, placing it so its measurement is near the center 
of its range 
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• Place the modified gasket on the location where the core ring will be drilled 
• Mount the core drill on the beam using clamps 
• Place the gasket, bearing plate, and loading bar on the end of the beam 
• Apply nominal 10-pound load to beam with the actuator 
• Begin recording data 
• Run the tests 
• Stop data recording and clean up or prepare for next beam 
This outline did change slightly from beam to beam.  For instance, recording data began 
for many beams prior to the beam being cantilevered to determine the stress and strain 
resulting from the self-weight of the beam.   
 The bullet point “Run the tests” encompasses many actions.  These actions 
include applying and removing the load to get baseline strain measurements.  More than 
one of these load cycles were performed on some beams if the strain values shifted due to 
the loading.  Afterwards, the load was reapplied and held while the core rings were 
drilled.  After each core ring drilling, the strain was allowed to stabilize before drilling 
deeper.  When the full 1.25-inch-deep core ring was drilled and the strain stable, the load 
was removed.  Load cycles were performed at the end of the test to get a before and after 
comparison of the beam behavior.   
 Note that all of the loads were applied and removed with a loading rate of 200 
pounds per minute.  The load was never reduced below 10 pounds except for the very end 
of the test when the actuator was raised off the beam completely.  The loads were applied 
by using the Instron controller in the load control mode.   
Testing Results 
 Core drilling did relax the strain measured by the strain gages.  The strains 
showed more relaxation with deeper core drilling, as expected.  However, it was 
concerning that results from beam to beam were not consistent and that the strain 
measurements frequently drifted.   
 The strain dropped considerably when drilling the core rings.  This drop was 
transient and the strain began to rise after the drilling had completed and generally 
stabilized after about 10 minutes.  It is believed that this drop is due to the heat generated 
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from the drilling.  In the test for determining the effects of the cooling water temperature 
(see the next section), higher temperatures caused a similar drop in the strain readings.   
 An illustrative good beam test is from beam 10.  This test clearly shows the drop 
in strain and the subsequent stabilization after each core ring drilling. (See Figure 21)  
The core ring may have been drilled too frequently because the strain does not seem to 
have stabilized completely after each drilling, however, the overall effect of a deeper core 
ring relaxing more strain is apparent.  The core drilling is also picked up by the load data, 
which shows small variations during drilling.  Differences in the load cycles before and 
after the core ring was drilled demonstrate the stress/strain relaxation.  Plotting the strain-
load relationships for the cycles shows that about half of the strain was relaxed—this is 
based on the slopes of the two relationships. (See Figure 22)   
 This beam test also shows something that became quite familiar throughout this 
project: residual stresses in the beam specimens.  For an idealistic beam without any 
residual stresses, removing the load from the beam after drilling should bring the strain 
back to its original value.  This did not happen for beam 10—or most of the other beams.  
The strain after drilling and with the load removed was significantly lower than the 
original strain for the unloaded beam before the drilling.  This indicates that there were 
residual tensile stresses in the surface of the beam.  Of course, many of the beam tests 
showed drifting of the strain measurements, but this feature still exists in tests where drift 
did not appear to be an issue, such as beam 10.   
 Why are there tensile residual stresses in the beam specimens?  The best 
explanation is drying shrinkage.  The outside of the beams will likely dry faster than the 
inside, creating differential shrinkage where the outer area of the beams wants to shrink 
more than the interior.  This results in exterior tension and interior compression.   
 Quite a few of the other beam tests did not generate such clean results as beam 10. 
The earliest beam tests showed large distortions or noise in the strain measurement 
during drilling when the core ring was close to the strain gage (specifically beams 5, 7, 
and 8).  It was determined that contact between the core drill base and the strain gages 
was the cause.  A rubber gasket was used as a spacer to prevent the contact between the 
drilling equipment and the strain gages.  The gasket was 6-inches square and had a hole 
at its center slightly larger than the coring bits and a slot on one edge for the strain gage.  
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Duct seal was used in the slot to prevent water from leaking out.  Frequently, due to 
geometric constraints, the duct seal was placed on top of the foil that covered the strain 
gage.  Pressure from the core drill housing should have been minimal on the strain gage 
because the only direct form was through the duct seal.   
 Drifting and shifting strain values were also present in many tests.  The shifts 
materialized through loading and unloading the beams as the strain measured at, for 
example, zero load changed noticeably after a load/unload cycle—without any core 
drilling.  Shifting was not nearly as troublesome as the drifting.  The drifting strain values 
occurred mostly after a long period of testing the beam and the strain generally drifted 
down.  The strain data lost a lot of usefulness due to the drifting as strain measurements 
could not be reliably compared to each other.  Strain drifting was observed in beams 11, 
12, 13, 14, 17, and 18.  Cooling water is believed to be responsible for most, if not all, of 
the observed strain drifting.  The next section in this chapter addresses the cooling water 
issues.   
Cooling Water Issues 
 The initial testing procedure circulated the cooling water continuously throughout 
the duration of the tests as a way to reduce testing variables.  Pumping water into the core 
drill housing this long appeared to affect the strain measurements, causing them to drift.  
Small experiments that observed the strain gage measurements as affected by the water 
confirmed the water’s ability to create strain drift.  Water was circulated through beams 
11 and 12 after they had already been tested (loaded, drilled, etc.).  With the drill bit not 
in the core ring—thus a large amount of exposed concrete surface—the strain values 
drifted more than 60 microstrain after an hour of water circulation.  Even with the drill bit 
lowered into the core ring, the strain drifted more than 20 microstrain in three hours.  In 
these tests the water and beam were left overnight before testing in the same location to 
minimize temperature effects.   
 In a test on beam 16, the water temperature was intentionally varied.  The results 
show a large strain response due to the temperatures. (See Figure 23)  When using 94º F 
water, the strain dropped about 30 microstrain in just a few minutes.  This test did show 
that the strain measurements would tend to equilibrate with time.  The cooling water was 
initially retrieved from the tap the day of testing, but with the knowledge that the water 
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temperature could affect the results, the buckets of water were filled at least a day before 
testing and left in the same area as the beams were stored.   
 Searching for a way to obtain better testing results, various drift-prevention 
methods were attempted.  One idea was to seal the top surface of the beams against water.  
The epoxy used in attaching the strain gages was applied thinly to the beams’ surfaces in 
the locations where the water was likely to be.  This method has an acute flaw in that 
after drilling a core ring, some concrete surface will still be exposed to the water.  The 
tests of beams 11 and 12 determined that the epoxy coating did not help reduce the drift.   
 Another idea was to only circulate the water when drilling.  This method was used 
for testing beams 9, 15, and 16 and it appeared to have the desired outcome of no obvious 
drifting.   
End Deflection Results 
 Measuring the end deflection of the beams achieved mixed results.  It was 
apparent from the early tests that the end deflection LVDT did not produce great data.  
The results were often stepped and showed very little deflection.  Changing out the 
mounting bar for the stiffer angle helped produce somewhat cleaner results, but the 
deflection data overall did not seem very useful compared to the strain and load data.  
The data for both the end deflection LVDT and the actuator location are plotted with each 
other for each beam in the appendix.   
 For the loading to 435 pounds before any drilling, the actuator LVDT showed 
deflections around 0.05 inches and the end deflection LVDT showed deflections closer to 
0.005 inches.  The difference likely results from the deflection of the support bar/angle 
and also the elongation of the threaded rods.  The deflections increased as the core rings 
were drilled deeper, showing that the beam was becoming less stiff.  Deflections often 
did not return to their original value after the testing likely due to some slipping of the 
beam relative to the cantilever support.   
Experimental Variables 
 Few of the core ring beam tests were identical.  The length of strain gages used, 
the strain gage proximity to the core ring, and the sustained load on the beam varied 
among the tests.  However, due to the difficulty in achieving repeatable high-quality core 
ring test results, determining the sensitivity of the tests to these variables was not 
 24 
thoroughly pursued.  After sawing notches was substituted for drilling cores, the core ring 
tests were discontinued as notches produced cleaner results.   
 Some general conclusions can still be made.  Varying the load on the beams did 
not affect any fundamental results, it only scaled the strain values.  Also, no discernable 
difference was observed between the results using a 20-mm versus a 30-mm strain gage.   
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Figures and Tables 
Table 1 Representative mix design. 
Material Pounds per cubic yard 
Cement 579 
Course Aggregate 1886 
Fine Aggregate 1263 
Water 243 
Superplasticizer 540 (ml/cy) 
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Figure 9 Drawing of the cantilevered concrete beam test setup.   
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Figure 10 Steel forms for making concrete beams.  Wood inserts were also used to reduce the length of the 
specimens down to 34 inches.   
 
Figure 11 Strain gage connecting terminal (center) and two variable resistor decade boxes.   
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Figure 12 Strain gage conditioner with the first and last channels in use for measuring two strain gages.   
 
Figure 13 Instron controller terminal.   
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Figure 14 Beam #6 shown in the test setup.   
 
Figure 15 Detail of the load application and the end deflection measurement.   
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Figure 16 Detail showing the cantilever restraint and the clamping used to hold the core drill.   
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Figure 17 Drilling the core rings requires two people: one person operates the drill and the other rotates the 
handles to advance the coring bit.  The cooling and lubricating water enters from the tube on the left and 
exits through the lower tube on the right.   
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Figure 18 The segments of aluminum bar controlled the depth of the core ring; removing each one allowed 
an additional depth of 0.25 inches.   
 
Figure 19 Beam #5 fractured as the core ring was drilled much deeper than usual.  The epoxy on the 
surface of the beam was a method to reduce the contact of the water with the concrete.    
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Figure 20 Top surface of Beam #6 showing the location of the core ring and the strain gage (covered in 
aluminum tape).  The area of the beam that was coated with epoxy to limit contact with water is also visible.   
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Microstrain and Load vs. Time for Core Drilled Beam 
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Figure 21 Microstrain and load data for beam 10.  30-mm strain gage with center 1.45 in. from core ring 
edge.  Cooling water circulating for the entire test.  Core ring depths were 0.25, 0.5, 0.75, 1.0, and 1.25 
inches.   
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Microstrain vs. Load for Core Drilled Beam
July 24 -- Beam #10
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Figure 22 Microstrain versus load relationships for beam 10.   
Microstrain vs. Time 
Aug 13 -- Beam #16 Water Testing
-40
-35
-30
-25
-20
-15
-10
-5
0
0 10 20 30 40 50 60 70
Time in minutes
M
ic
ro
st
ra
in
Running 74 F 
Water
Running 74 F 
Water
Running 94 F 
Water
 
Figure 23 Microstrain data from water temperature testing on beam 16. 
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CHAPTER 3: RESIDUAL STRESS TEST USING SAWN NOTCHES 
 The challenges of strain drifting and cooling water for drilling core rings led to 
the development of a new method using sawn notches.  Using a circular saw, a notch 
perpendicular to the long direction of the beam can be sawn, modifying the stress state of 
the beam.  Notching is faster than drilling a core ring, it does not require troublesome 
cooling water, and it proved to be much more capable of relieving the stress and strain in 
the cantilevered beams.   
Notching Procedure 
 The same general testing outline and equipment was used for the notching.  The 
only difference was the notching procedure itself.  An electric circular saw fitted with a 
seven-inch masonry saw blade is used to notch the beams.  Wood guides are used to 
prevent any contact pressure on the strain gage which could affect the strain 
measurements. (See Figure 27)  The saw also follows the guides to make smooth and 
accurate notches.  Sawing notches on the beams generates a considerable cloud of 
concrete dust.  A section of plywood was placed on the table to help contain the concrete 
dust.  A shop vacuum was also used during the sawing to minimize the concrete dust that 
made it into the air.  The notch depth is controlled with an adjustment on the saw, and the 
depth of each notch was verified with digital calipers.  The notches were generally sawn 
in three passes, each pass deepening the notch by about 0.5 inches.   
 The strain gages did not need to be waterproofed for the notching procedure, so 
the layers of sealant and aluminum tape were not applied.  A resulting benefit is that the 
strain gages are visible and measurements of distances from the strain gages to the 
notches were straightforward.   
Notching Results 
 Notching proved to be superior in many ways to core ring drilling.  The strain 
measurement data was very clean and stable, likely due to the strain gage not being in 
contact with anything and the absence of any cooling water.  The strain measurements 
did drop after each notch was drilled, but they did not drop as much as in the core ring 
tests nor did they take as much time to stabilize.  The notching process itself was much 
quicker, lasting about half a minute for each pass.  The notch depths were measured using 
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the average of multiple points across the bottom of the notch.  There were small 
differences in depth, usually within a range of about one twentieth of an inch.   
 A great benefit of the notching was that it relieved more stress and strain than 
core ring drilling.  The geometry of a notch will relieve more stress as it can be thought 
of as a core ring with a huge diameter, and larger diameter core rings relieve more stress 
everything else the same.  Additionally, it was possible to saw notches very close to the 
strain gages because the saw was not limited by a housing enclosure like the core drill.   
 An illustrative example of good notching results is from the test on beam 20.  
(Results from this test are presented in a figure at the end of this chapter.)  The strain 
measurements look quite good and do not show any hints of drifting.  The strain does 
change sharply during the notching process, likely caused by the notching heating up the 
concrete.  Strain measurements show the residual tensile stress in the beam’s surface as 
the strain when unloaded dropped about 10 microstrain from the beginning of the test.   
Multiple Notches 
 As sawing a notch in the beams was relatively easy and achieved good results, 
sawing multiple notches was a logical next step.  Sawing notches on both sides of the 
strain gage is an obvious configuration, and, intuitively, it has very good potential to 
relieve all of the stress at the strain gage.  The big question for such a method is: does it 
indeed relieve all of the stress?  The answer is yes, but not always.   
 Results from beam 26 show this full stress isolation of the strain gage from the 
flexural behavior of the beam.  After the notches on both sides of the strain gage were 
sawn, the strain measurement did not respond noticeably to the applied load.  This is 
demonstrated well in the microstrain versus load relationships, where this relationship 
after the notching essentially has a slope of zero. (See Figure 38)  Also, the strain 
measurement at this point of full isolation should correspond to the initial residual 
stresses in the beam.  For beam 26, the initial residual surface strain seems to have been 
about 35 microstrain.   
 Beam 26 was instrumented with two strain gages; an additional gage was placed 
on the bottom of the beam, exactly under the top gage.  The second gage was most useful 
for comparing the material elastic behavior of the top and bottom of the beam.  The 
microstrain versus load relationships for the beam, before any notching, show a good 
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symmetry.  (See Figure 39)  The slope for the bottom strain measurement is almost 
exactly opposite the slope of the top strain.  This confirms the NAPTF data that also 
showed this symmetry when the beams were rotated 90 degrees from their casting 
direction.   
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Figures 
 
Figure 24 Notching setup of Beam 6 (which had already been tested with a core ring) showing the wood 
guides clamped to the beam and the portable saw in the foreground.   
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Figure 25 The portable saw resting in position on the wood guides.   
Figure 26 The wood guides prevented contact with the strain gage.  
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Figure 27 An uncovered strain gage underneath a wood guide on beam 22.  Setup marks for attaching the 
strain gage and for placing the notch are on the beam.   
 
Figure 28 Beam 6 after notching.  The notch, previous core ring, and part of the strain gage are all visible.   
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Figure 29 Strain gage and notch after testing on beam 22.   
 
Figure 30 Strain gage and two notches after testing the beam.   
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Figure 31 Another angle showing the strain gage and two notches after testing this beam.  
 
Figure 32 Using cardboard instead of wood guides to make for deeper saw cuts on beam 26.   
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Figure 33 Sawing a notch in beam 26 and using the vacuum to minimize the dust cloud.   
 
Figure 34 Sawing a notch in beam 26 and creating a cloud of concrete dust.   
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Figure 35 The notches were very close to each other and the strain gage on beam 27.  The lead wires were 
arranged to allow this close notching.   
Microstrain and Load vs. Time for Notched Beam
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Figure 36 Microstrain and load data for beam 20.  30-mm strain gage with center 1.63 in. from notch edge.  
Notch depths were 0.11, 0.64, 1.06, and 1.38 inches deep.   
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Top Microstrain and Load vs. Time for Double Notched Beam
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-80
-60
-40
-20
0
20
40
60
50 70 90 110 130 150 170 190 210 230
Time in minutes
M
ic
ro
st
ra
in
-800
-600
-400
-200
0
200
400
600
Lo
ad
 in
 p
ou
nd
s
Top Microstrain
Load
 
Figure 37 Top microstrain and load data for beam 26 with notching.  Two notches were sawn on either 
side of a 30-mm strain gage, about 1.7 in. from the notch edges to the gage center.  The notches were 
alternately deepened, with the notch depths about 0.5, 1.0, and 1.4 in. deep.   
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Microstrain vs Load for Double Notched Beam 
October 26 -- Beam #26
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Figure 38 Microstrain and load relationships for top strain for beam 26.   
Microstrain vs. Loading for Beam Before Notching
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Figure 39 Microstrain and load relationships for top and bottom strain before notching for beam 26.   
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CHAPTER 4: FINITE ELEMENT MODELING 
 The notched cantilevered beam tests lend themselves well to finite element 
analyses as the geometry, boundary conditions, and materials (assuming elastic behavior) 
are relatively simple.  A previous analysis of beams with core rings and holes influenced 
the work on this project’s analysis of beams with notches.   
Prior Work for Core Ring Beams 
 In cooperation with Edward Guo, Xinkai Li performed a numerical analysis of 
cantilevered beams with circular holes and core rings. [Li, 2008]  Following a validation 
that finite element results converge to the closed-form through-hole equations from 
Kirsch, beams with multiple depths of holes and core rings were analyzed. The beams 
were designed with similar geometry to the NAPTF specimens and had 6-inch by 6-inch 
cross-sections.  The analysis results yielded the following conclusions: core rings and 
circular holes create practically the same stress effects on the beams, core ring depths 
should be about 1.0 inches, and the core ring diameter of 3 inches is appropriate.  The 
three-dimensional finite element results also matched well with experimental data 
collected in the NAPTF beam tests.   
Modeling for Notched Beams 
 Cantilevered beams were modeled in finite elements to mimic the experimental 
test setup.  The analysis used a two-dimensional model, a simplification made possible by 
the geometry of notching.  Models were created for beams with one notch and beams 
with two notches.  The single-notch beams were modeled having notch depths of 0.5, 1.0, 
and 1.5 inches.  The double-notch beams were modeled having notch depths of 0.25, 0.5, 
1.0, and 1.5 inches and spacing between the notches of 3.5 inches.  Two more double-
notch beams with notch spacing of 5 inches were modeled with depths of 1.0 and 1.5 
inches.  A plain beam model, without any notches, was also created for a reference.   
 The single-notch beams were modeled with T6 (linear strain triangle) elements 
that allowed for a graded mesh that was fine at the notch, but not as fine (and 
computationally-intensive) elsewhere.  The double-notch beams were modeled with a 
uniform and very fine mesh of Q8 (linear strain quadrilateral) elements.  This was a 
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simple mesh, and while it had many more elements than the graded meshes, the 
computation time on a desktop was shorter than ten minutes.   
 The geometry of the finite element models is the same as the test specimens (6x34 
inches).  The two-dimensional solid is six inches thick.  The notch widths are 0.15 inches, 
the same as the notches in the physical experiments.  The material was elastic, with a 
Young’s Modulus of 5098 ksi.  The analysis was performed before the direct elastic 
modulus testing of the cylinders, so the material modulus was calculated with the formula 
'57,000c cE f=  (3) 
where the concrete compressive strength was 8 ksi, following from early cylinder 
compression tests. [Mindess, 2003]  A Poisson’s ratio of 0.2 was used.   
 The boundary conditions for the fixed end were modeled as rollers, preventing 
movement in the vertical directions while still allowing for displacement along the 
beam’s direction, which likely did occur in the testing due to slipping between the 
concrete and the support bars and plate.  One node on the bottom support condition was 
restrained in the direction along the beam to prevent an unstable rigid body mode.   
 Five downward forces were applied on element nodes at the loaded end of the 
beam.  These forces were all 87 pounds to total the 435 pounds that was the most-
common load for the laboratory testing.  The load was split up to help reduce local effects 
on the loaded elements.   
 The most-relevant parameter is the strain on the top surface of the beams.  This 
was calculated from the stress output values of the nodes from the post-processing.  
Using the stresses instead of the displacements requires a simpler calculation from the 
output.  Since the analysis is purely elastic, the stress values are proportional to the strain.  
Normalized strain/stress values are based on the values from the model without notches.   
Modeling Results 
 The finite element models produced predictable results showing that strain 
relaxation increased with notch depths and that full isolation was possible for beams with 
two notches.  The stress in the direction along the length of the beam, the x-direction in 
the models, was the main result studied from the analysis as these stresses correspond to 
the strains measured by the strain gages.   
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 In the beams with one notch, surface stresses at the top of the beam drop near the 
notches.  This behavior is dependent on the depth of the notch.  The relief of surface 
stresses near the notch is amplified and broadened with deeper notches.  The stress relief 
is much greater for the cases with two notches, as the stress relief fields from the notches 
overlap.  The stresses between the two notches are near zero when the notches are deep 
enough.   
 Surface stresses very close to the notches, whether there is one notch or two, are 
slightly negative, or in compression.  Similar negative analytical stresses were observed 
by the NAPTF researchers in their use of Kirsch’s equations for stresses near a hole.  
With deeper notches, the regions of compressive stresses expand, and for the beam with 
two notches at their deepest value, the entire surface between the notches has a slightly 
compressive stress.  The black and white figures at the end of this chapter are designed to 
illuminate the location of these compressive stresses, which show up in black.   
 The analysis shows stress concentrations at the bottom of the notches.  This is an 
expected feature.  This analysis is not designed to accurately predict the level of stress at 
these concentration points, and inelastic behavior such as microcracking may occur in the 
tested beams that this model does not account for.  However, inaccuracies at the 
concentration points are unlikely to have greatly affected the stress values on the top 
surface.   
 Other locations with similar stress concentrations are at the load application and 
support conditions.  These concentrations do not seem to migrate far, so although they do 
not represent a realistic behavior of the beam everywhere, the effects of the 
concentrations seem to dissipate before they reach the regions on the top surface near the 
notches, where this study is focused.   
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Figures 
 
Figure 40 Longitudinal stresses in a plain beam.  The legend on the right shows the stresses in psi 
corresponding to the colors.  This color scheme is consistent for all of the stress figures.  The longitudinal 
(or x-direction) stresses correspond to the strain that is measured by the strain gages.   
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SINGLE NOTCH 
 
 
Figure 41 Longitudinal stresses in a plain beam.   
 
 
Figure 42 Longitudinal stresses in a beam with a single 0.5-inch notch. 
 
 
Figure 43 Longitudinal stresses in a beam with a single 1.0-inch notch. 
 
 
Figure 44 Longitudinal stresses in a beam with a single 1.5-inch notch. 
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The following black and white images are useful in determining lines of zero stress.  The 
white areas are in tension and the black are in compression.  The boundaries between 
white and black have zero stress (in the longitudinal direction).  This is useful in showing 
the neutral axes and also the areas of zero or near-zero stresses near the notches.   
 
 
Figure 45 Black and white stress image for a plain beam. 
 
 
Figure 46 Black and white stress image for a beam with a single 0.5-inch notch. 
 
 
Figure 47 Black and white stress image for a beam with a single 1.0-inch notch. 
 
 
Figure 48 Black and white stress image for a beam with a single 1.5-inch notch. 
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DOUBLE NOTCH (3.5-INCH SPACING) 
 
 
Figure 49 Longitudinal stresses in a plain beam.   
 
 
Figure 50 Longitudinal stresses in a beam with two 0.25-inch notches 3.5 inches apart.   
 
 
Figure 51 Longitudinal stresses in a beam with two 0.5-inch notches 3.5 inches apart.   
 
 
Figure 52 Longitudinal stresses in a beam with two 1.0-inch notches 3.5 inches apart.   
 
 
Figure 53 Longitudinal stresses in a beam with two 1.5-inch notches 3.5 inches apart.   
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Figure 54 Black and white stress image for a plane beam.   
 
 
Figure 55 Black and white stress image for a beam with two 0.25-inch notches 3.5 inches apart.   
 
 
Figure 56 Black and white stress image for a beam with two 0.5-inch notches 3.5 inches apart.   
 
 
Figure 57 Black and white stress image for a beam with two 1.0-inch notches 3.5 inches apart.   
 
 
Figure 58 Black and white stress image for a beam with two 1.0-inch notches 3.5 inches apart.   
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DOUBLE NOTCH (5-INCH SPACING) 
 
 
Figure 59 Longitudinal stresses in a plain beam.   
 
 
Figure 60 Longitudinal stresses in a beam with two 1.0-inch notches 5 inches apart.   
 
 
Figure 61 Longitudinal stresses in a beam with two 1.5-inch notches 5 inches apart.   
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Figure 62 Black and white stress image for a plain beam.   
 
 
Figure 63 Black and white stress image for a beam with two 1.0-inch notches 5 inches apart.   
 
 
Figure 64 Black and white stress image for a beam with two 1.5-inch notches 5 inches apart.   
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CHAPTER 5: DISCUSSION AND CONCLUSIONS 
 Determining the residual stress of concrete pavements is a difficult task.  This 
project explored the two semi-destructive methods of drilling core rings and sawing 
notches which both relax the stress state of the nearby material.   
Observations of Surface Strain Gage Use on Concrete 
 Strain gages are the optimal choice for measuring localized surface strain on 
concrete.  The gage lengths can be short enough to determine strain changes in small 
areas and their resolution (about ± 2 microstrain) is precise enough even for a material as 
stiff as concrete.  Attaching strain gages is a delicate process, but not overly difficult with 
good directions and appropriate materials.  The great sensitivity of strain gages to 
temperature can be troublesome, but experience and a well-designed test can prevent 
temperature problems.   
Notching versus Core Ring Drilling  
 This project’s results demonstrate that notching is a better method than the core 
ring method in finding residual stresses.  Notches are faster to create, and notching results 
are not plagued by cooling water issues such as strain drift.  Notably, notches have been 
shown to fully isolate the surface of some beams from the applied load.  This is an 
important achievement as it eliminates the guesswork of the core ring method in finding 
what proportion of the strain has been relaxed.  The ASTM hole drilling standard for 
metals has pages of calibration coefficients relating the geometry of procedure to the 
proportion of strain relaxation measured by the strain gages.  The two notch procedure 
for the concrete beams does not require this guesswork as all of the strain is relaxed.  This 
is the shining attribute of this method.   
Calculated and Measured Elastic Modulus Values 
 To determine the residual stress in a surface based on the residual strain, it is 
necessary to know something about the stress-strain relationship.  For materials that 
behave elastically, the stress-strain relationship is the elastic (or Young’s) modulus.  The 
elastic modulus was calculated from two data sources for the concrete used in this project.  
One source was the beam tests and the other was through direct testing of concrete 
cylinders in compression.   
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 The cylinder tests followed ASTM C 469, the standard for finding the static 
modulus of elasticity.  (Note that the static modulus, as opposed to a dynamic modulus, is 
the appropriate property as the beam tests and projected slab tests are performed under 
pseudo-static conditions.)  Six cylinders, two cylinders from three different batches, were 
fitted with an extensometer and loaded in compression cycles.  The three batches were 
chosen to represent a large range of concrete ages; the cylinders were 28, 120, and 182 
days old.  The deformation-versus-load relationships were used to calculate four modulus 
values for each cylinder.  The modulus values were averaged for each cylinder and then 
the two cylinder values for each batch were averaged.  For 28-day concrete the modulus 
of elasticity was 4850 ksi, for 120 days it was 5750 ksi, and for 182 days it was 5900 ksi.  
Note that these values are quite similar to the estimated modulus for the finite element 
analysis of about 5100 ksi.   
 The elastic modulus can be extracted from the beam testing results using basic 
beam theory and the microstrain-versus-load relationships for the beams before drilling 
or notching.  From beam theory, the stress on the surface of a cantilevered beam can be 
calculated with the equation 
2
6PL
WH
σ =  (4) 
where P is the load on the end of the beam, L is the distance from the load to the location 
of the stress, W is the width of the beam, and H is the height of the beam.  Realizing that 
the elastic modulus is the ratio of stress to strain, this equation can be modified to find the 
modulus 
2
6P LE
WHε=  (5) 
where ε is the strain.  All of the values on the right-hand-side of the equation can be 
determined.  The ratio of applied load to the strain is the slope of the microstrain-versus-
load relationships that were calculated for the beam tests.  Using this equation, the elastic 
modulus can be estimated for the beams.  A figure at the end of this chapter shows the 
elastic modulus values from the beam tests and also from the cylinder tests.  The beam 
tests, in general, produce slightly higher modulus values than the cylinder tests, with most 
of them between 6000 and 7000 ksi.  It is possible that the differences in the casting 
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process could have made the beams stiffer.  The beams not behaving exactly as this 
simplistic beam theory predicts could also be a reason for the difference.   
Calculations of Residual Stress for the Beam Specimens 
 There were hints of residual stresses in the test specimens from the core ring tests 
and they became quite apparent from the sawn notch tests.  This is both a testament to the 
effectiveness of notches in stress isolation and also a reminder about how concrete 
residual stresses can form even in controlled test specimens.   
 The microstrain versus load (MSVL) relationships can be a helpful tool in 
estimating the residual stresses in the beams that did not achieve full isolation.  With the 
assumption that the concrete behaves linearly—which seems appropriate based on the 
tested beam behavior—the residual stress can be determined by finding the intersection 
of the MSVL lines.  If the beams did not have any residual stresses, the MSVL lines 
would all pass through the point with zero strain and zero applied load.  The presence of 
residual stress shifts this intersection to the point with the residual strain (actually, the 
residual strain with the opposite sign) and the load that would have to be applied to 
counteract the residual stress (an upward load for a tensile residual stress).  This concept 
may not be easy to grasp, but it does allow residual stresses to be estimated for the beams 
with good MSVL data.  (A table with these results appears at the end of this chapter.)  
The estimated residual surface stresses in the beams ranges from 44 to 246 psi, all tensile.  
These values are small enough to be reasonable residual stresses; however they are not 
too small to be considered artifacts of the testing process.   
 Residual strain was further explored with a test on beam 22.  After the beam had 
been tested in the cantilever setup, a strain gage was attached to the bottom of the beam 
and notches were sawn on both sides of the gage while the beam was resting flat on the 
testing table.  The total strain relieved was about 27 microstrain which compares with the 
31 microstrain that was calculated for the same beam from the cantilevered test results.   
 This simpler test for the unloaded beam is exactly what a desired pavement test 
should be.  A strain gage is installed on an existing surface, notches are sawn near the 
strain gage, and the resulting change in strain approaches an obvious limit.  The strain 
change has the opposite sign of the initial residual stress and strain in the surface (for 
beam 22, the strain decreased which indicates a tensile residual stress).  This method is 
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relatively easy to perform, and the results are readily interpreted without the calibration 
constants used in the hole drilling method for metals or any other modifying factor 
because it achieves full isolation.  However, this method still needs some direction about 
the geometry of the notches and also about interpreting the strain values.   
Experimental and Finite Element Results Comparison 
 The top surface stresses were extracted from the finite element results for each 
beam.  For the one beam without a notch and three beams with one notch, these surface 
stresses are plotted together (see figure at the end of the chapter).  This plot illustrates 
how the area of relaxed stress broadens as the notch depth is increased.  A numerical 
analysis was performed on these stress results to calculate how the stress relaxation 
would be measured by a strain gage.   
 With the assumption that strain gages measure the average strain over their gage 
length, a Matlab script was created to calculate what a strain gage would measure if 
attached to the finite element beams.  A 30-mm gage length was used as this was the 
most common strain gage in the experimental work.  The gage measurements were 
calculated for the four relevant beams with the gage position on the beams varying.  The 
results were normalized to the strain measurements for the beam without a notch and are 
plotted in a figure at the end of the chapter.  This plot shows the increase in stress 
relaxation as the notch gets deeper as well as the increase in relaxation as the strain gage 
is placed closer to the notch.   
 Results from the single notch beam experiments are also plotted in this figure.  
These values were normalized with the strain of the fully loaded beam before notching 
being equal to one and the estimated residual strain being zero.  The experimental results 
line up well with the analytical curves.  They both show the effects of notch depth and 
strain gage location.   
 The finite element models with two notches spaced 3.5 inches apart were 
analyzed similarly.  A plot of the surface stresses for these models appears at the end of 
this chapter.  It demonstrates the broadening of the area of stress relaxation with 
increased notch depth, and it also shows how the stress between the notches is fully 
relaxed and even becomes slightly negative with the deepest notches.   
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 Matlab scripting was again used to determine what a 30-mm strain gage would 
measure on these beams.  This time, however, the placement of the strain gage was fixed 
to be at the exact middle between the gages.  A plot with the normalized strain gage 
measurement with respect to the notch depths shows how the strain is fully relaxed for a 
notch depth of about 1.35 inches, and a deeper notch creates compressive surface strains.   
 To hone in on an appropriate notch depth to fully relax the stress/strain, a study 
was conducted comparing the relaxation with the notching geometry.  The geometry 
variable was taken to be the notch depths divided by the length of the section between the 
notches—which is one notch-width shorter than the centerline-to-centerline notch 
spacing.  Stress results from the two beam models with notches 5.0 inches apart were 
included in this study.  The normalized relaxations for the experimental results were 
calculated in the same way as for the single notch plot.  The experimental results were 
from beams 26, 27, and 28, all of which used 30-mm strain gages placed right in the 
middle between two notches.  The resulting plot shows a strong trend with the stress 
strain fully relaxed for the geometry ratio of around 0.4.   
 A caveat to this relaxation study, and this project overall is the exclusive use the 
specific specimen geometry and stress distribution.  Effects of flexural stress in beams 
may not exactly reflect the effects of more-complicated stress distributions in pavements.  
However, these results are indicative of general stress-relaxation, so while the specifics 
may not directly apply to pavements, the broad behavior certainly does apply.   
Future Directions 
 The sawn notch strain gage method is ripe for use in concrete slabs.  Slabs 
introduce another dimension of strain measurement.  Surface strain gage rosettes that 
measure strain in multiple directions could possibly be used as well as multiple single 
strain gages to measure strain relaxation in the two dimensions of the slab surface.  A 
method for slab testing may well resemble the hole drilling method for metals, only with 
the strain gages inside the notched section.  Methods for finding the elastic modulus of an 
existing pavement should also be explored, as the elastic modulus (or any other stress-
strain relationship) is necessary to translate strain values into stress.   
 It is unclear whether the notch geometries used in the beam tests will achieve the 
same full stress isolation, and this must be explored through experiment (possibly on in-
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place slabs that are known to have some surface stresses) and analysis.  A finite element 
study for slabs would be helpful in determining effective notching geometries.   
 It would be useful to differentiate between two types of stress that are in a 
pavement.  There are stresses resulting from the applied loads and structure of the 
pavement and there are stresses that result from the material behavior of the concrete.  
Distinguishing between the two sources of the stress is simple for the laboratory testing 
of cantilevered beams because the applied load can be removed.  For a pavement slab, it 
is not possible to remove the load, and therefore it does not seem possible to distinguish 
between the material and the applied load stresses.  All of the reviewed methods for 
finding residual stresses in various materials found the total stresses, and could only 
guarantee it was purely residual stress for specimens that were small and free of external 
forces.  The hole drilling method has an additional ability to determine stresses at 
different depths in a metal.  It is possible some inspiration from this feature may prove 
useful in getting additional information out of a concrete slab test.   
Conclusions 
 Sawing notches in a concrete surface around a strain gage has shown substantial 
merit in its ability to measure residual stresses.  Both core ring drilling and sawn notch 
methods were applied to cantilevered concrete beams, with the notching results being 
substantially superior.  The finite element analysis on notched beams reinforces the 
experimental findings that sawing a notch on both sides of a strain gage can fully relax 
the initial strain.  This full relaxation was calculated to occur when the notch depths are 
about 40% of the distance between the notches.   
 Standardization of a pavement residual stress test using strain gages and notches 
is quite likely.  Continued work with laboratory testing, analytical modeling, and trial 
field testing will all be essential in this process.   
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Figures and Tables 
Young's Modulus vs. Age of Concrete from Beam and Direct Cylinder Testing
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Figure 65 Young's Modulus values from the load-strain relationships and cylinder testing.   
 
Table 2 Estimation of residual stress using the strain-versus-load relationships from the beam tests.   
Beam Estimated Residual Strain Calculated Modulus Estimated Residual Stress (Tension) 
9 21 microstrain 5390 ksi 113 psi 
10 25 microstrain 5971 ksi 149 psi 
13 23 microstrain 6065 ksi 139 psi 
15 7 microstrain 6222 ksi 44 psi 
16 12 microstrain 6272 ksi 75 psi 
20 20 microstrain 6397 ksi 128 psi 
21 25 microstrain 6226 ksi 156 psi 
22 31 microstrain 6785 ksi 210 psi 
23 16 microstrain 6801 ksi 109 psi 
24 19 microstrain 6389 ksi 121 psi 
26 34 microstrain 6772 ksi 230 psi 
27 40 microstrain 6142 ksi 246 psi 
28 29 microstrain 6396 ksi 185 psi 
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Microstrain vs. Time for Unloaded Beam
October 9 -- Beam #22
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Figure 66 Testing beam 22 while flat on the testing table, no applied load.   
X-Component Stress Along Top Surface of Beam for Varrying Notch Depths
(Single notch, thickness is 0.15 in)
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Figure 67 Stresses along the top surface of the beam from single notch finite element analyses.   
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Figure 68 Finite element and test result comparison of relaxation for single notched beams.   
X-Component Stress Along Top Surface of Beam for Varrying Notch Depths 
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Figure 69 Stresses along the top surface of the beam from double notch finite element analysis.   
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Relaxation for a 30mm Strain Gage from Finite Element Analyses
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Figure 70 Stress/strain relaxation for a double notched beam with respect to notch depth. 
Relaxation versus Notch Geometry from Beams 26-28 and Finite Element Analysis
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
0 0.1 0.2 0.3 0.4 0.5 0.6
Ratio of notch depth to spacing between notches
N
or
m
al
iz
ed
 s
tr
es
s/
st
ra
in
 re
la
xa
tio
n
Experiment
Finite Element
 
Figure 71 Stress/strain relaxation with respect to double notching geometry.   
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APPENDIX A: CANTILEVERED BEAM TEST DATA 
Table 3 Beam testing summary. 
Beam No. Date Cast Date Tested Age in Days at Testing Test Type 
1 2/5/2009 -- -- -- 
2 2/5/2009 4/7/2009 61 Simple Loading 
3 2/5/2009 4/7/2009 61 Simple Loading 
4 4/22/2009 -- -- -- 
5 5/15/2009 5/28/2009 13 Core Ring 
6 5/15/2009 5/28/2009 13 Core Ring 
7 5/15/2009 6/18/2009 34 Core Ring 
8 5/15/2009 6/18/2009 34 Core Ring 
9 5/21/2009 7/24/2009 64 Core Ring 
10 5/21/2009 7/24/2009 64 Core Ring 
11 5/21/2009 7/14/2009 54 Core Ring 
12 5/21/2009 7/14/2009 54 Core Ring 
13 6/10/2009 7/30/2009 50 Core Ring 
14 6/10/2009 7/30/2009 50 Core Ring 
15 6/10/2009 8/13/2009 64 Core Ring 
16 6/10/2009 8/13/2009 64 Core Ring 
17 6/23/2009 9/2/2009 71 Core Ring 
18 6/23/2009 9/2/2009 71 Core Ring 
19 6/23/2009 9/16/2009 85 Core Ring 
20 6/23/2009 9/16/2009 85 Notch 
21 7/10/2009 9/30/2009 82 Notch 
22 7/10/2009 9/30/2009 82 Notch 
23 7/10/2009 10/14/2009 96 Notch x2 
24 7/10/2009 10/12/2009 94 Notch x4 
25 8/12/2009 10/12/2009 61 Notch 
26 8/12/2009 10/26/2009 75 Notch x2 
27 8/12/2009 11/2/2009 82 Notch x2 
28 8/12/2009 11/4/2009 84 Notch x2 
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Microstrain and Load vs. Time
PFL-30-11 on 6x6x21 @ 11.5 in
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Figure 72 Monotonic test to fracture for beam 2.  30-mm strain gage 11.5 in. from center to applied load.   
Microstrain and Load vs. Time
PFL-20-11 on 6x6x21 @ 11.75 in from load
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Figure 73 Monotonic test to fracture for beam 3.  20-mm strain gage 11.75 in. from center to applied load.   
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Core Ring Testing 
Microstrain and Load vs. Time for Core Drilled Beam
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Figure 74 Microstrain and load data for testing on beam 5.  20-mm strain gage with center 1.8 in. from 
core ring edge.  Cooling water circulating for the entire test.  Core ring depths were 0.25, 0.5, 0.75, 1.0, and 
1.25 inches 
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Actuator and LVDT Displacement vs. Time for Core Drilled Beam
May 28 -- Beam #5
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Figure 75 Displacement data for beam 5.   
Microstrain and Load vs. Time for Core Drilled Beam
May 28 -- Beam #6
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Figure 76 Microstrain and load data for beam 6.  20-mm strain gage with center 1.3 in. from core ring edge.  
Cooling water circulating for the entire test.  Core ring depths were 0.25, 0.5, 0.75, 1.0, and 1.25 inches.   
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Actuator and LVDT Displacement vs. Time for Core Drilled Beam
May 28 -- Beam #6
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Figure 77 Displacement data for beam 6.   
Microstrain vs. Load for Core Drilled Beam
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Figure 78 Microstrain versus load relationships for beam 6.   
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Microstrain  and Load vs. Time for Core Drilled Beam 
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Figure 79 Microstrain and load data for beam 7.  20-mm strain gage with center 0.75 in. from core ring 
edge.  Cooling water circulating for the entire test.  Core ring depths were 0.25, 0.5, 0.75, 1.0, and 1.25 
inches.   
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Actuator and LVDT Displacement vs. Time for Core Drilled Beam 
June 19 -- Beam #7
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Figure 80 Displacement data for beam 7.   
Microstrain vs. Load for Core Drilled Beam
June 19 - Beam #7
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Figure 81 Microstrain versus load relationships for beam 7.   
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Microstrain and Load vs. Time for Core Drilled Beam
June 19 -- Beam #8
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Figure 82 Microstrain and load data for beam 8.  20-mm strain gage with center o.75 in. from core ring 
edge.  Cooling water circulating for the entire test.  Core ring depths were 0.25, 0.5, 0.75, 1.0, and 1.25 
inches.   
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Actuator and LVDT Displacement vs. Time for Core Drilled Beam
June 19 -- Beam #8
-120
-100
-80
-60
-40
-20
0
20
40
0 10 20 30 40 50 60 70 80 90 100
Time in minutes
D
is
pl
ac
em
en
t i
n 
m
ill
i-i
nc
he
s
Actuator Displacement
LVDT Displacement
 
Figure 83 Displacement data for beam 8.   
Microstrain vs. Load for Core Drilled Beam
June 19 -- Beam #8
y = 0.0765x - 32.536
y = 0.1211x - 130.41
-140
-120
-100
-80
-60
-40
-20
0
20
0 50 100 150 200 250 300 350 400 450
Load in pounds
M
ic
ro
st
ra
in
No Core Ring
1.25 in Core Ring
 
Figure 84 Microstrain versus load relationships for beam 8.   
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Microstrain and Load vs. Time for Core Drilled Beam
July14 -- Beam #11
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Figure 85 Microstrain and load data for beam 11.  20-mm strain gage with center 0.8 in. from core ring 
edge.  Cooling water circulating for the entire test.  Core ring depths were 0.25, 0.5, 0.75, 1.0, and 1.25 
inches.   
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Actuator and LVDT Displacement vs. Time for Core Drilled Beam
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Figure 86 Displacement data for beam 11.   
Microstrain vs. Load for Core Drilled Beam
July 14 -- Beam #11
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Figure 87 Microstrain versus load relationships for beam 11.   
 80 
Microstrain and Load vs. Time for Core Drilled Beam
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Figure 88 Microstrain and load data for beam 12.  20-mm strain gage with center 0.8 in. from core ring 
edge.  Cooling water circulating for the entire test.  Core ring depths were 0.25, 0.5, 0.75, 1.0, and 1.25 
inches.   
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Actuator and LVDT Displacement vs. Time for Core Drilled Beam 
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Figure 89 Displacement data for beam 12.   
Microstrain vs. Load for Core Drilled Beam
July 14 -- Beam # 12
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Figure 90 Microstrain versus load relationships for beam 12.   
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Microstrain and Load vs. Time for Core Drilled Beam 
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Figure 91 Microstrain and load data for beam 9.  20-mm strain gage with center 1.3 in. from core ring edge.  
Cooling water circulating only during drilling.    Core ring depths were 0.25, 0.5, 0.75, 1.0, and 1.25 inches.   
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Actuator and LVDT Displacement vs. Time for Core Drilled Beam 
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Figure 92 Displacement data for beam 9.   
Microstrain vs. Load for Core Drilled Beam
July 24 -- Beam #9
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Figure 93 Microstrain versus load relationships for beam 9.   
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Microstrain and Load vs. Time for Core Drilled Beam 
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Figure 94 Microstrain and load data for beam 10.  30-mm strain gage with center 1.45 in. from core ring 
edge.  Cooling water circulating for the entire test.  Core ring depths were 0.25, 0.5, 0.75, 1.0, and 1.25 
inches.   
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Actuator and LVDT Displacement vs. Time for Core Drilled Beam 
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Figure 95 Displacement data for beam 10.   
Microstrain vs. Load for Core Drilled Beam
July 24 -- Beam #10
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Figure 96 Microstrain versus load relationships for beam 10.   
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Microstrain and Load vs. Time for Core Drilled Beam
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Figure 97 Microstrain and load data for beam 13.  30-mm strain gage with center 1.95 in. from core ring 
edge.  Cooling water circulating for the entire test.  Core ring depths were 0.25, 0.5, 0.75, 1.0, and 1.25 
inches.   
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Actuator and LVDT Displacement vs. Time for Core Drilled Beam
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Figure 98 Displacement data for beam 13.   
Microstrain vs. Load for Core Drilled Beam
July 30 -- Beam #13
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Figure 99 Microstrain versus load relationships for beam 13.   
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Microstrain and Load vs. Time for Core Drilled Beam 
July 30 -- Beam #14
-10
0
10
20
30
40
50
0 20 40 60 80 100 120 140 160 180 200
Time in minutes
M
ic
ro
st
ra
in
-100
0
100
200
300
400
500
Lo
ad
 in
 p
ou
nd
s
Microstrain
Load
 
Figure 100 Microstrain and load data for beam 14.  30-mm strain gage with center 1.85 in. from core ring 
edge.  Cooling water circulating for the entire test.  Core ring depths were 0.25, 0.5, 0.75, 1.0, and 1.25 
inches.   
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Microstrain vs. Time for Core Drilled Beam 
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Figure 101 Microstrain data for beam 14 for the core drilling process only; note that the time axis is reset 
for this graph.   
Actuator and LVDT Displacement vs. Time for Core Drilled Beam 
July 30 -- Beam #14
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Figure 102 Displacement data for beam 14.   
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Microstrain vs. Load for Core Drilled Beam
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Figure 103 Microstrain versus load relationships for beam 14.   
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Microstrain and Load vs. Time for Core Drilled Beam
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Figure 104 Microstrain and load data for beam 15.  30-mm strain gage with center 1.65 in. from core ring 
edge.  Cooling water circulating only during drilling.    Core ring depths were 0.25, 0.5, 0.75, 1.0, and 1.25 
inches.   
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Actuator and LVDT Displacement vs. Time for Core Drilled Beam
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Figure 105 Displacement data for beam 15.   
Microstrain vs. Load for Core Drilled Beam
August 13 -- Beam #15
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Figure 106 Microstrain versus load relationships for beam 15.   
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Microstrain and Load vs. Time for Core Drilled Beam 
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Figure 107 Microstrain and loading data for beam 16.  30-mm strain gage with center 1.65 in. from core 
ring edge.  Cooling water circulating only during drilling.  Core ring depths were 0.25, 0.5, 0.75, 1.0, and 
1.25 inches.   
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Actuator Displacement vs. Time for Core Drilled Beam
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Figure 108 Displacement data for beam 16.   
Microstrain vs Load for Core Drilled Beam
August 13 -- Beam #16
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Figure 109 Microstrain versus load relationships for beam 16.   
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Microstrain vs. Time 
Aug 13 -- Beam #16 Water Testing
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Figure 110 Microstrain data from water temperature testing on beam 16. 
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Microstrain and Load vs. Time for Core Drilled Beam 
September 2 -- Beam #17
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Figure 111 Microstrain and load data for beam 17.  20-mm strain gage with center 1.38 in. from core ring 
edge.  Cooling water circulating for the entire test.  Core ring depths were 0.25, 0.5, 0.75, 1.0, and 1.25 
inches.   
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Actuator and LVDT Displacement vs. Time for Core Drilled Beam 
September 2 -- Beam #17
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Figure 112 Displacement data for beam 17.   
Microstrain vs. Load for Core Drilled Beam
September 2 -- Beam #17
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Figure 113 Microstrain versus load relationships for beam 17.   
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Microstrain and Load vs. Time for Core Drilled Beam
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Figure 114 Microstrain and load data for beam 18.  20-mm strain gage with center 1.44 in. from core ring 
edge.  Cooling water circulating for the entire test.  Core ring depths were 0.25, 0.5, 0.75, 1.0, and 1.25 
inches.   
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Actuator and LVDT Displacement vs. Time for Core Drilled Beam
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Figure 115 Displacement data for beam 18.   
Microstrain vs. Load for Core Drilled Beam
September 2 -- Beam #18
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Figure 116 Microstrain versus load relationships for beam 18. 
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Sawn Notch Testing 
Microstrain and Load vs. Time for Notched Beam
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Figure 117 Microstrain and load data for beam 20.  30-mm strain gage with center 1.63 in. from notch 
edge.  Notch depths were 0.11, 0.64, 1.06, and 1.38 inches deep.   
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Actuator and LVDT Displacement vs. Time for Notched Beam
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Figure 118 Displacement data for beam 20. 
Microstrain vs. Load for Notched Beam
September 16 -- Beam #20
y = 0.0786x + 3.8102
y = 0.0279x - 9.3774
-20
-10
0
10
20
30
40
50
0 50 100 150 200 250 300 350 400 450
Load in pounds
M
ic
ro
st
ra
in
No Notch
1.38 in Notch
 
Figure 119 Microstrain versus load relationships for beam 20.   
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Microstrain and Load vs. Time for Notched Beam
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Figure 120 Microstrain and load data for beam 21.  30-mm strain gage with center 1.22 in. from notch 
edge.  Notch depths were 0.41, 0.90, and 1.37inches deep.    
Actuator and LVDT Displacement vs. Time for Notched Beam
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Figure 121 Displacement data for beam 21.   
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Microstrain vs. Load for Notched Beam
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Figure 122 Microstrain versus load relationships for beam 21.   
Microstrain and Load vs. Time for Notched Beam
September 30 -- Beam #22
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Figure 123 Microstrain and load data for beam 22.  30-mm strain gage with center 2.25 in. from notch 
edge.  Notch depths were 0.51, 0.95, and 1.37inches deep.    
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Actuator and LVDT Displacement vs. Time for Notched Beam
September 30 -- Beam #22
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Figure 124 Displacement data for beam 22.   
Microstrain vs. Load for Notched Beam
September 30 -- Beam #22
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Figure 125 Microstrain versus load relationships for beam 22.   
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Microstrain vs. Time for Unloaded Beam
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Figure 126 Testing beam 22 while flat on the testing table, no applied load.   
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Microstrain and Load vs. Time for Four Notches on Beam
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Figure 127 Microstrain and load data for beam 24.  30-mm strain gage with center 3.23 in. from notch 
edge.  Notch depths were 0.50, 0.99, and 1.38 inches deep.   Three more notches were sawn into the beam.  
The second notch was 3.28 in. away from the strain gage center, on the opposite side of the strain gage.  
Two more notches were about 2.1 in. away from the strain gage center, on either side of the gage.  These 
three notches were notched to around 1.38 in. deep.   
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Actuator and LVDT Displacement vs. Time for Four Notches on Beam
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Figure 128 Displacement data for beam 24.   
Microstrain vs. Load for Single and Two Double Notch Configurations
October 12 -- Beam #24
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Figure 129 Microstrain versus load relationships for beam 24.   
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Microstrain and Load vs. Time for Two Notches on Beam
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Figure 130 Microstrain and load data for beam 25.  30-mm strain gage with center 4.17 in. from notch 
edge.  Notch depths were 0.48, 0.98, and 1.38 inches deep.  Notches on the other side of the strain gage, 
also around 4.1 in away, were drilled to similar depths.   
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Actuator and LVDT Displacement vs. Time for Two Notches on Beam
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Figure 131 Displacement data for beam 25.   
Microstrain vs. Load for Two Notches on Beam
October 12 -- Beam #25
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Figure 132 Microstrain versus load relationships for beam 25.   
 110 
Microstrain and Load vs. Time for Two Notches on Beam
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Figure 133 Microstrain and load data for beam 23.  30-mm strain gage with center 1.67 in. from notch 
edge.  Notch depths were 0.45, 0.97, and 1.38 inches deep.   A notch was sawn on the other side of the gage 
1.71 in. from its edge to the gage center with similar depths.   
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Actuator and LVDT Displacement vs. Time for Two Notches on Beam
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Figure 134 Displacement data for beam 23.   
Microstrain vs Load for a Single Notch
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Figure 135 Microstrain versus load relationships for beam 23.   
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Figure 136 Top microstrain and load data for beam 26 before notching.  Two 30-mm strain gages were 
attached to this beam, one on top and one on bottom.   
Bottom Microstrain and Load vs. Time for Plain Beam
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Figure 137 Bottom microstrain and load data for beam 26 before notching.   
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Top Microstrain and Load vs. Time for Double Notched Beam
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Figure 138 Top microstrain and load data for beam 26 with notching.  Two notches were sawn on either 
side of a 30-mm strain gage, about 1.7 in. from the notch edges to the gage center.  The notches were 
alternately deepened, with the notch depths about 0.5, 1.0, and 1.4 in. deep.   
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Bottom Microstrain and Load vs. Time for Double Notched Beam
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Figure 139 Bottom microstrain and load data for beam 26 with notching.   
Microstrain vs. Loading for Beam Before Notching
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Figure 140 Microstrain and load relationships for top and bottom strain before notching for beam 26.   
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Microstrain vs Load for Double Notched Beam 
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Figure 141 Microstrain and load relationships for top strain for beam 26.   
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Microstrain and Load vs. Time for Double Notched Beam
November 2 -- Beam #27
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Figure 142 Microstrain and load data for beam 27.  Two notches were sawn on either side of a 30-mm 
strain gage, about 1.2 in. from the notch edges to the gage center.  The notches were alternately deepened, 
with the notch depths about 0.5, 1.0, and 1.4 in. deep.   
 117 
Actuator and LVDT Displacement vs. Time for Double Notched Beam
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Figure 143 Displacement data for beam 27.   
Microstrain vs Load for Double Notched Beam
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Figure 144 Microstrain versus load relationships for beam 27.   
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Microstrain and Load vs. Time for Double Notched Beam
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Figure 145 Microstrain and load data for beam 28.  Two notches were sawn on either side of a 30-mm 
strain gage, about 1.9 in. from the notch edges to the gage center.  The notches were alternately deepened, 
with the notch depths about 0.5, 1.0, and 1.4 in. deep.   
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Actuator Displacement vs. Time for Double Notched Beam
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Figure 146 Displacement data for beam 28.   
Microstrain vs. Load for Double Notched Beam
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Figure 147 Microstrain versus load relationships for beam 28. 
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APPENDIX B: ADDITIONAL TESTING RESULTS 
Tested Compressive Strength vs. Age
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Figure 148 Compressive strength of cylinders versus concrete age.   
Split Tensile Tension Stress vs. Age
0
100
200
300
400
500
600
700
800
0 10 20 30 40 50 60 70 80 90 100
Age in days
C
al
cu
la
te
d 
ho
riz
on
ta
l t
en
si
on
 
st
re
ss
 in
 p
si
 
Figure 149 Tensile stress from split tensile cylinder tests versus concrete age.   
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Figure 150 Split tensile testing of one of the concrete cylinders.   
 
Figure 151 Split cylinder after split tensile test.   
 
 122 
APPENDIX C: RECOMMENDED PROCEDURE FOR FIELD 
TESTING 
This is based on the ASTM E 837 standard for measuring residual stresses in metals by 
drilling holes.   
   
Introduction 
 The sawn-notch strain-gage method determines surface stresses in concrete 
pavements.  Strain gages are attached to the concrete surface and notches are sawn 
around the gage cluster.  The measured strain changes are then used to determine the 
stresses in the pavement surface.   
1. Scope 
1.1. This test is for determining the stresses in the surface of a concrete pavement 
using strain gages and by sawing shallow notches.   
1.2. The surface of the slab to be tested must be free of surface imperfections such as 
cracking that may inhibit the procedure from accurately measuring the stress.   
1.3. This method assumes elastic behavior of the concrete.  If the material does not 
behave elastically due to high stresses or other reasons, this test is unlikely to be 
appropriate.   
1.4. The geometry of the strain gages and notches should be carefully considered to 
achieve full stress-strain isolation.   
1.5. This method determines the full stresses on a pavement surface, and does not 
determine how much of the stresses are due to material effects (residual stresses) 
and to applied loads.   
2. Summary of Test Method 
2.1. Pavement 
2.1.1. Select appropriate area for testing based on pavement conditions and 
geometry.  It is most valuable to test an area where large stresses are 
predicted.  Locations very close to edges, joints, or large cracks should be 
avoided, as the stresses in these areas may not be representative of the 
pavement.   
2.2. Strain Gages 
2.2.1. A strain gage rosette or multiple strain gages are attached to this area.   
2.3. Notch-Sawing 
2.3.1. Notches are sawn around the strain gages in predetermined locations.  
Surface stresses are relieved near the notches, and the relaxed strains are 
measured by the strain gages.   
2.4. Stress Calculation 
2.4.1. The strain relaxation is the difference in strain measurement from before 
any notches were sawn to after all the notches were sawn and the strain gage 
measurements are stable.   
2.4.2. A stress-strain relationship for the pavement material is used to determine 
the stress relaxation from the strain data.  The stress relaxation will be 
proportional to the original stress in the area; this proportion may be unity if 
the notch geometry is appropriate.   
3. Concrete Surface Preparation 
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3.1. The concrete surface should be prepared as recommended by the manufacturer of 
the adhesive used to attach the strain gages.   
3.2. Layout marks should be placed to provide accurate references for sawing the 
notches.   
4. Strain Gages and Instrumentation 
4.1. Strain gages and strain gage rosettes should have sufficient gage lengths based on 
the maximum aggregate size of the concrete.  Gage lengths of 20- and 30-mm 
worked well for a maximum aggregate size of 0.75 in.   
4.2. Strain gage types used should be appropriate for measuring surface strains on 
concrete.   
4.3. Temperature effects due to the notching must be considered in the strain gage 
selection.  Temperature compensating gages or using a full bridge arrangement 
of gages can mitigate temperature effects.   
4.4. Strain gages should be attached to the surface following recommended 
procedures and using recommended materials from the manufacturer.   
4.5. The strain measurements must be displayed during the testing procedure in real 
time to provide feedback.  A chart showing strain gage measurements vs. time is 
helpful in determining when the gage measurements are stable.   
4.6. Strain gages should be powered for a sufficient time to “warm up” prior to 
recording their measurements.  This time depends on the manufacturer’s 
recommendations.   
4.7. Strain measurements with time stamps should be recorded at a suitable data 
interval.  Measuring the strain once every second or every few seconds is a 
recommended interval.   
5. Procedure 
5.1. Notching Equipment and Use 
5.1.1. A machine capable of creating notches in the concrete surface without 
contacting the strain gages is required.  A circular saw with a masonry blade 
is a recommended device.  Adequate guides that ensure straight and 
accurately-placed notches—without contacting the strain gages—are 
required.   
5.1.2. The use of cooling or lubricating fluids, usually water, is highly 
discouraged, as this could affect the concrete strains and cloud the strain 
measurements.   
5.1.3. Notches should be made in a single pass at the recommended depth.  
Notch depths should be verified with measurements, and additional passes 
should be made, if necessary, to achieve the desired depth.   
5.2. Repairing Surface Damage 
5.2.1. The strain gages will become permanent fixtures of the pavement surface.   
5.2.2. Strain gage lead wires should be removed after testing.   
5.2.3. Debris from the notching should be swept or washed away.   
5.2.4. The notches should be filled with a pavement repair material as directed 
by the material’s instructions.   
6. Computation of Stresses 
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6.1. The modulus of elasticity for the pavement concrete is required to determine the 
stresses from the strain data.  This modulus can be obtained with the following 
methods: 
6.1.1. Direct testing of the pavement using sample cores.   
6.1.2. Modulus estimation based on the materials in the pavement.   
6.2. The strain relaxation due to the notching is opposite in sign to original strain.   
6.3. The gage factor values for the strain gage should be considered when using the 
strain data.  Gage factors are supplied by the gage manufacturers.  Correcting the 
data for the gage factors depends on the strain gage measurement equipment, so 
the instructions for the equipment should be consulted.   
6.4. A sample stress calculation follows: 
 testcres E εσ =  (6) 
Where σres is the calculated residual stress, Ec is the modulus of elasticity of the 
concrete, and εrelax is the relaxed microstrain from the testing.   
6.5. The relaxed microstrain is determined from the corrected strain data.  It is the 
difference between the stable strain before sawing notches and the stable strain 
after sawing notches.  This is illustrated in Figure 152.   
6.6. The strain relaxation due to the notching is opposite in sign to original strain.  
For example, if the strain value decreases after notching, the concrete surface 
originally had a tensile stress.     
7. Precision 
7.1. Strain values should be reported based on the noise levels of the data.  The best 
precision is usually about ± 2 microstrain.   
7.2. Drifting of strain measurements can significantly alter the determined stresses.  
Strain change due to the heat generated by the notching is expected, but the 
measurements should be stable before and after the notching to achieve accurate 
results.    
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Figure 152 Sample testing data.   
